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This report is concerned with the following aspects of sub ELF emissions
and related effects:
T s .

Part 1: EXPERIMENTAL OBSERVATION OF A NEW TYPE OF SUB ELF EMISSION
From a study of frequency-time characteristics of signals re;gived at four
widely separated low-latitude stations, we have ascertained the existence of
a low-level sub ELF emission which is almost always present during the night-
time hours. '

Part 2: ADDITIONAL EVIIENCE FOR THE ATTENUATION OF HYDROMAGNETIC
EMISSIONS IN THE IONOSPHERE
A brief analysis of amplitude-time hm-emission data from Palo Alto and Kauai
has demonstrated a pronounced ionospheric attenuation effect which verifies
previous work at Lockheed on attenuation of hydromagnetic waves in the
ionosphere.

Part 3: AN APPROXIMATE UPPER LIMIT TO RING CURRENT DENSITIES
The theoretical maximum trapped particle loading of field lines in the
magnetosphere is derived. The result is utilized in Part L.

Part 4: CYCLOTRON EXCITATION OF HYDROMAGNETIC EMISSIONS
A new model is presented which explains a number of observed hm-emission
characteristics.
:”"“ﬁé believe that the results presented on the following pages more than
fulfill the project objectives and may in fact contribute significantly to

the understanding of the phenomena of interest. : NO;’
A .
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Part 1
EXPERIMENTAL OBSERVATION OF A NEW TYPE OF SUB ELF EMISSION

Lee Tepley and K. D. Amundsen

Research Laboratories
Lockheed Missiles and Space Company
Palo Alto, California

The location of the four Lockheed Pacific Ocean stations is shown in
Fig. 1. Results are presented elsewhere (Tepley et al., 1963; Tepley, 1964)
of propertles of hydromagnetic emissions observed simultaneously at the
four stations. We are concerned here with the properties of a new type of
low level sub ELF emission which seems to almost always be present during
nighttime hours. In Figs. 2 and 3 the low level emission is presented in
sonagrams from magnetic tape data recorded at the four Pacifiec stations on
two consecutive nights (August 2 and 3, 1963). The .sonagrams are characterized
by bands of sub ELF energy at all locations except the near equaﬁorial Canton
Island station. Thus a pronounced latitude effect is indicated. It 1is of
particular interest that the mid-band frequencies and the number of bands
occurring simultaneously may vary gresatly at the different stations. It is
of equal interest that the mid-band frequencies of all bands at all stations
increase slowly but steadily during the night and then decrease relatively
abruptly near local sunrise just before the signals fade out.

It 1s perhaps premature to conclude that the low level signal characteris-
tics shown in Figs. 2 and 3 are characteristic of most nighttime hours,
There 1s however, some indication that this is the case. For exsmple
sonagrams from Tongatapu records were obtained for 216 consecutive hours
from Aug. 1 through Aug. 9, 1963. During this 9 day period the same general
low level signal characteristics presented in'Figs. 2 and 3 were observed

1l
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every night. 1In addition, the low level signals are characterized aurally
.by a howling sound on time compressed magnetic tape. The "howl" seems to
be present during most nighttime hours on records from all stations except
Canton Island. '

The sonagrams of Figs. 1 and 2 are perhaps less striking than those
presented in Fig. 1 of Part I and elsewhere (Tepley, 1961; Tepley, 1962;
Tepley, 1964; Tepley et al., 1964; Tepley and Wentworth, 1962) but this is
primarily’ because they display a signal which is only marginally above the
background noise level., The discovery of the existence of this low level
signal was an unexpected and surprising result.

The observation of the low level signal indicates that the background
signal level near 1 cps is not primarily due to lightning as ﬁas previously
thought to be the case (Lokken et al., 1963). The signal was not discbvered
sooner primarily because of its low amplitude (usually less than l.milligamma
- the signal is rarely observed on our helicorder chart records). Also the
higher amplitude fine structured hm emissions have previously been of greater
interest. It is also possible that the approach of the minimum of the sunspot
cycle may lead to improved propagation of these signals through the ionosphere.

The question immediately arises as to whether or not the low-level
signals are of the same origin as fine structured hydromasgnetic emissions.

We cénnot presently answer this question but the following comments seem to
be in order:

1. The signals do not exhibit a rising-frequency fine-structure
characteristic of most hm emissions. However, at times it appears
that a continuous transition occurs in which the low-level signals
are converted to fine-structured hm emissions. Alternatively,
the super-position of fine-structured hm emissions on the low-level
signals may be entirely coincidental.

2. The nocturnal appearance of the low-level signals leads to the
suggestion that the signals are generated above the ionosphere
and are propagated hydromagnetically through the ionosphere
suf fering severe ionospheric attenuation during the daylight
hours (Tepley, 1962; Wentworth, 1963, 1964). If this suggestion

2
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is correct, the signals may be classified as a type of hydromagnetic
emission irrespective of the absence of fine structure.
3. In view of the local variation in the mid-band center frequency
and the increase in this frequency at all stations throﬁghout the
course of the night, it may be suggested that the low level signals
originate in the ionosphere, in which case the signal would not "
be classified as a hydromagnetic emission. ’
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Part 2
ADDITIONAL EVIDENCE FOR THE ATTENUATION
OF HYDROMAGNETIC EMISSIONS IN THE IONOSPHERE

R. C. Wentworth and Lee Tepley

Research Laboratories
Lockheed Missiles and Space Company
Palo Alto, California

It has been recognized for some time that hydromagnetic waves in the
frequency interval around 1 cps can be severely attenuated in the daytime
ionosphere (Dessler, 1959; Francis and Karplus, 1960; Karplus et al., 1962).
Tepley (1962) first demonstrated that this property could be used to explain
the diurnal variation in amplitudes of hm emissions observed at middle
latitudes. More recently Wentworth (1963, 1964) demonstrated that the same
hydromagnetic-wave attenuation characteristic could be applied to explain
the difference in diurnal Qariation of emissions observed at middle and
high latitudes. In this note additional evidence is presented which demon-
strates the influence of ionospheric attenuation on signals observed simul-‘
taneously at middle and low latitude stations.

Recently, a preliminary analysis was carried out on amplitudes of hm
emissions observed simultaneously at Palo Alto, California, and Kauai, Hawaii,
from September 15, 1963 through November 3, 1963. The resulting amplitude
ratios of Palo Alto to Kaual were plotted as a function of universal time,
and a striking pattern emerged which lends strong additional support to
the hypothesis of heavy daytime hydromagnetic-wave attenuation in the iono-
sphere at middle and low latitudes. .

The results of this analysis are plotted in Fig. 1. It .an be seen
that the amplitude ratio is exceptionally high during *“he time of day which

11
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is after sunset at Palo Alto, but before sunset at Kauai. At the other end
of the scale, those events which occurred after sunrise at Palo Alto and
before sunrise at Kaual exhibit amplitude ratios of somewhat less than ome.

It appears that two main factors are influencing the relativé amplitudes
of emissions observed simultaneously at Palo Alto and Kaual. First, heavy
attenuation is occurring above Kauael before local sunset relative to the posf
sunset conditions above Palo Alto at the seme time. ILikewise, heavy attenua-
tion 18 occurring above Palo Alto after local sunrise relative to pre-sunrise
conditions above Kaual at the same universal time. Second, a pronmounced
latitude effect exists with amplitudes at Palo Alto belng roughly six times
those at Kaual for comparable ionospheric conditionms,
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Part 3
AN APPROXIMATE UPPER LIMIT
TO RING CURRENT DENSITIES

R. C. Wentworth

Research Laboratory
Lockheed Missiles and Space Company
A Palo Alto, Califormia

Tt was first pointed out by Beard (1962) that the maximum perpendicular
energy density of trapped ring current particles which could be contained
by the earth's magnetic field in the magnetosphere was approximately one
quarter of the unperturbed magnetic field energy demnsity. It is the purpose
of the present note to re-derive this resuwlt in order to stress a parallel
development to Beard's analysis, namely that the minimm perturbation field
resulting from trapped ring current particles is one-half of the unperturbed
value, ‘

Beard (1962) showed that the perturbation field due to the trapped
ring current particles is predominantly due to the diamagnetic effect of
the trapped particles in the vicinity of the test point. The magnetic moment
of a single spiraling particle, defined as the current generated by its
gyration times the area enclosed, is given by (see e.g. Apel et al., 1963)

19_2__&-_
T B

o=

olo

and the magnetic moment per unit volume in the vicinity of the test point is

M=Np-= NOEJ_/B

15
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It is useful to note that the magnetic field in the interior of a
uniformly magnetized spheré of megnetization M per unit volume is

A B, = (81/3)M

while the magnetic field in the interior of a uniformly magnetized semi-
infinite cylinder of magnetization M per unit volume is

AB =8
(]

Therefore, let us take as an approximation to the magnetic field pro-
duced by the trapped ring current particles in the vicinity of the test
point,

By

g N
AR, = (8T8 = —5

where
1<§8<3
The magnetic field at the test point is then given by

NE,
B'—'Bo-ggz ?3 (1)

where Bo is the unperturbed field in the absence of ring current partieles
at the test point. Solving for B, we have

td
I
l\)lotd
| -
+
——

-
I

where (2)
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Equation (2) is equivalent to the final result of Beard (1962).
Results. Equation (2) implies that the minimum perturbation field
which can be produced by trapped ring current particles is given by

B .. = 30/2 - (3)

where Bo is the unpertufbed field at the test point in the absence of
trapped particles. In addition, the maximum trapped ring current density
which can be sustained in the vicinity of the test point is given by

g
Prex = T2 - L ()

vhere

As mentioned previously, this result was obtained by Beard (1962) who
assumed throughout that € was equal to 1. We note that in this case the
maximum trapped particle energy density, N0E1 » 1s equal to the minimum
perturbation field energy density, B?/8ﬂ.

Critical Discussion. We conclude that the minimum perturbation field

is one~half of the unperturbed field, and the maximum trapped particle
energy density is one-fourth of the unperturbed magnetic field énergy
density. As mentioned above, these conditions lead to equality between the
trapped particle energy density and the perturbed magnetic field energy
density. If more pafticles are injected the perturbation field cannot.contain
them and the excess particles will be blown out the sides of the flux tube
until conditions (3) and (4) are everywhere fulfilled.
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Part L
CYCLOTRON EXCITATION OF HYDROMAGNETIC EMISSIONS

Lee Tepley and R. C. Wentworth ' : -
Research Laboratories '
Iockheed Missiles and Space Company
Palo Alto, California

ABSTRACT

A new model for the production of hydromagnetic emissions
is presented. Hydromagnetic emissions are typically character-
ized by two frequencies; the emission frequency on the order of
0.5-3.0 cps, and the repetition frequency of the fine-structured
elements on the order of 0.2-1.0 cycles per minute (periods of
1 to 5 minutes). The model explains these two characteristic
frequencies as being determined by two natural parameters of
the motion of proton streams in the magnetosphere. The emission
frequency is the anomalously Doppler shifted proton cyclotron
frequency in the vicinity of the equatorial plane, and the
period of the fine-structured elements, observed experimentally
to be received alternately in the two hemispheres, is deter-
mined by the bounce period of the proton stream as it mirrors
successively above the northern and southern hemispheres. The
model explains the rising-frequency emission fine structure in
terms of velocity spread in the proton stream, and predicts
the experimentally observed latitude dependence of hm emission
frequency.

19
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I. INTRODUCTION
Recent experimental observations (Tepley, 1964; Tepley et al, 1964) have

conclusively demonstrated that the regularly spaced fine-structured elements
which constitute most hm emissions (Figure 1) are observed simultaneously at
stations in the same hemisphere, but are alternately spaced (1800)vout of
phase) in emissions observed simultaneously on opposite sides of the equator:
Hence, hm-emission energy is received periodically and alternately in the
northern and southern hemispheres. This result is suggestive of a slow
energy bounce between hemispheres (bounce times are typically on the order of
1 to 4 minutes). Jacobs and Watanabe (1963) have interpreted this result in
terms of a model involving geomagnetically trapped proton bunches of solar-
wind energies bouncing between Hemispheres and generating hm emissions in the
lower exosphere by means of a hydromagnetic resonance effect. However, the
theoretically predicted latitude dependence of the hm-emission frequency,
associated with the hydromagnetic resonance, is in disagreement with

" experimental observations (Tepley, 1964; Tepley et al, 1964; Wentworth, e
196ka,b). Hence their model is inadequate.

More recently Jacobs and Watanabe (1964) have presented an alternative
model in which hm emissions are generated by hydromagnetic wave packets
bouncing between hemispheres. The wave packets propagate in the Alfven mode
and are guided by the geomagnetic field. However, the authors have not
quantitatively considered the important but probably very difficult problem
of the extent to which the waves are guided. Unless guidance is almost
perfect, an exponential decay should be observed in the intensities of
successive fine-structured elements which represent successive arrivals of
the hydromagnetic wave packets. This is usually not observed experimentally.
Instead the emission band generally increases slowly in intensity (typically
over a 10-15 minute periéd) and then decreases in intensity at about the same
rate. It thus appears that energy is being continuously supplied fo the wave
packet, so that extremely ciose guidance of the packet by the magnetic field
is not necessarily required in order to sustain the packet for a large

number of bounces.
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In this paper we again gonsider concepts similar to those utilized by

Jacobs and Watanabe. The éoncept of bouncing proton bunches, however, while
easy to visualize, seems difficult to justify on physical grounds. It is
perﬁaps more reﬁlistic to consider the protons as moving in streams of un-’
specified dimensions along geomagnetic field lines. We consider proton
streams and hydromagnetic-wave packets (propagating in the Alfven mode)
characterized by approximately the same bounce time between opposite hemi-
spheres. We also specify that the streams and wave packets move in the same
direction and that they cross the equatorial plane at about the same time.
We suggest that the wave packets are initially generated by the proton streéms
in the vicinity of the equatorial plane. Thus in each successive crossing of
the equatorial plane, the stream imparts additional energy to the wave packet
to compensate for losses due to imperfect guidance by the magnetic field. 4 In
this way the energy of the packet builds up until the stream»ahd packet drift
out of phase. |

The proposed mechanism might at first appear to resemble the traveling
wave amplification mechanism proposed for the generation of VLF emissions
(Gallet, 1959; Gallet and Helliwell, 1959). However the model does not
actually utilize traveling wave amplification in the usual sense wherein the
interaction between particles and waves occurs when both move gt about the
same velocity. Instead the energy transfer occurs when the stream velocity
exceeds the wave velocity by a significant factor. In this preliminary paper
we do not actually consider the particle-wave interaction but only the radia-
tion of energy by protons in the stream in appropriate time-phase to reinforce
the wave packet generated by the stream at an earlier time.

There is some evidence that a significant percentage of alpha particles
is present in the solar wind. Thus alpha particles of solar wind energies
might conceivably be trapped in the geomagnetic field and would also radiate
energy in the form of hydromagnetic waves, but at lower frequencies than
those calculated in this paper for radiation from proton streams; we are
concerned here,lhowever, only with proton radiation.

In concluding our introductory remarks we comment>that, in contrast to

the first proton bunch model of Jacobs and Watanabe, the present model pre-

22

LOCKHEED MISSILES & SPACE COMPANY




4-82-64-1 -

dicts the observed latitude dependence of hm-emission frequency. The model
also leads to an alternative explanation of the rising-frequency emission
fine structure. We also note that although the present model doés not require
extremely close guidance of the hydromagnetic wave packets, a mechanism for
close guidance is inherent 1n those calculations which utilize loaded magnetlc
fleld lines (as discussed in Part 3 of this report) and a plasma density
"knee in the magnetosphere.

II. GENERAL THEORETICAI: CONSIDERATIONS
We postulate that the hydromagnetic wave packet is propagated along a

geomagnetic field line in the Alfven mode and a large fraction of the wave
energy is reflected near the end of the line. Thus the wave packet “bounces"
between hemispheres. We consider Alfven mode propagation only since the
other hydromagnetic wave mode (the so-called magneto-sonic wave) is not
significantly guided by the geomagnetic field, and recent experimental
observations (Tepley, 196k4; Tepley et al, 1964) demonstrate that a signifi-
cant amount of guidance occurs. However, we do not require almost perfect
guidance nor do we require almost complete reflection near the end of the
field line, since the energy of the wave packet is reinforced on every bounce
near the equatorial plane by cyclotron radiation from proton streams which

cross the equatorial plane coincidentally with the wave packet.

A. The anomalous Doppler effect. An association between the hm-

emission frequency and the proton cyclotron frequency was suggested by one

of the authors in earlier papers (Tepley, 196la,b). The suggestion is sub-
Jject to the apparent difficulties that the Alfven wave does not propagate at
(or above) the proton cyclotron frequency, and that strong cyclotron
(collisionless) absorption and thermal absorption occur when the wave fre-
quency is near the proton cyclotron frequency. These difficulties are
resolved when the radiating stream has a substantial velocity component along
the magnetic field, in which case the frequency of the radiated wave is
Doppler shifted away from the proton cyclotron frequency. In this paper we
consider cyclotron radiation from proton streams moving “faster than light"

that is, moving with a velocity along the magnetic field which exceeds the
23
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Phase velocity of the hydromagnetic wave in the magnetosphere. In this case
the Doppler shift is “anomalous", that is, the frequency of radiation in the
forward direction is shifted downward. The equation for the anomalous Doppler

effect may be written as follows:

o iy v )—l

5-; =(t-n-cos 8 -1 (1)
where a% is the proton cy;lotron frequency, w is the Doppler shifted hydro-
magnetic wave frequency, v, 1s the component of proton velocity along the
magnetic field, Va is the Alfven velocity, 6 is the angle between the propg—
gation vector of the wave and the magnetic field, and n = Va/V¢ is the index
of refraction of the medium. Y(V¢ is the phase velocity of the hydromagnetic
wave propagating in the Alfven mode.)

The possible importance of anomalously Doppler shifted cyclotron radia-
tion for the production of geomagnetic micropulsations was first pointed out
in an excellent paper by M. A. Ginzburg (1962). The model presented in this
paper is essentially an gpplication of the basic concepts presented by

Ginzburg.

B. Determination of the radiated frequency. For propagation of an

Alfven wave in a cold plasma, the index of refraction of the plasma is

~ ~
. [P ‘V/ "o e ,«ad"
1l + cos & +¥Yein s + ¥ Cos &

n = (2)
2 cos20 (1 - xz)

where x = a/wc is the dimensionless hydromagnetic-wave frequency. The above
equation is valid for gll values of 6 except those very near 900.

By combining Equations (1) and (2) we obtain the following expression:

2

(;ﬁ—) = ( 1+ %)% 2(1 - ) | | (3)

1+ c0526 +‘/sinu9 + 4x2 cos29'

Thus for any given value of v, /Vé and 8 the radiated frequency is uniquely
determined. Equation (3) is strictly valid for determination of the fre-

quency of the radiation from a single particle, since if we were to consider

2L
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a stream of radiating particles, the expression for the index of refraction
of the plasma would be modified.

In Figﬁre 2, a plot is presented of Vu /Va versus 8 for four values
of the parameter x. The fact that the series of curves are in the form of
almost horizontal lines shows that almost the same frequency is radiated in
any forward direction (a pronounced angular dependence of radiated frequency
is obtained when the séme procedure is carried out for the magneto-sonic
wavé). Hence, to a close approximation, the radiated frequency resulting
from the anomalogs Doppler. shift of the Alfven wave at any angle 8 is the

same as that observed at 6 = O and given by

7 = (1+3) - (&)

a

A curve for the above equation is presented in Figure 7. It may be seen from

the curve that for x < 0.6, the equation simplifies further to

v

(5)

u 1
Vv T X

a

SIOS

C. Application of theory to the generation of hm emissions in the

magnetosphere. In order to apply the above concepts we require a knowledge

of the plasma density and magnetic field strength in the magnetosphere as a
function of position in space. Both of these quantities are time varying and
few precise measurements have been made. For the plasma density we present
calculations based on the following models:

(1) A model of a “normal" magnetosphere based on whistler data obtained
from Liemohn and Scarf (1964).

(2) A model of a magnetosphere characterized by a "knee" (Carpenter,
1963). 1In our case we assume that beyond the knee the plasma density has
been reduced from its normal value by a factor of 9.

For the magnetic field strength, we also present calculations based on
two models as follows: A

(1) As a first approximation to the solar wind cavity on the daylight

side of the earth, we consider s dipole field confined to the interior of a
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Fig. 2 BSample curves for determination of anomalously Doppler
shifted cyclotron frequency
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sphere (Wentworth and Tepley, 1962; Figure 3).

(2) As a second epproximation, we include the effects of a reduction
or "loading" of the magnetic field in certain regions due to the presence of
additional protons of solar wind energy such as those which are thought to
constitute "ring currents" (loading of the magnetosphere has been discussed
in Part 3 of this report).

We consider the solar wind cavity only on the daylight side of thevearth 4
because of the relative ease of calculation of magnetic field strength, and
also because hm emissions are thought to be generated mostly on the.daylight
side, even though they are observed most frequently at night at middle and
low latitudés(Wéntworth, 196ka,b). From the various models for plasma
density and magnetic field strength we are able to calculate profon cyclotron
frequencies (Figure 4) and Alfven velocities under various conditions
(Figure 5). By integration of the Alfven velocity along a magnetic field

line, we calculate the bounce period of the Alfven- wave packet as a function of
latitude (Figure 6). This calculation is not strictly applicable to the

present model since the packet bounce time is actually determined by the
hydromagnetic-wave group velocity rather than the Alfven velocity. The two
velocities almost coincide when the wave frequency is much less than the
‘proton cyclotron freqﬁency, a condition which is fulfilled over a large part
of the packet trajectory. However, a significant deviation can occur in the
vicinity of the equatorial plane if the wave frequency approaches the local
proton cyclotron frequency, a condition which can occur when the frequency
shift due to the anomalous Doppler effect is small. A more exact calculation
of wave packet bounce time similar to that made by Jacobs and Watanabe (1964)
is contemplated at a later date. It is felt, however, that the approximate
calculation presented here is adequate to indicate the "reasonableness" of
the present model.

The proton stream bounce time is specified by the requirement that it
coincide with the wave packet bounce time calculated in the manner just
described. We restrict our discussion to protons moving in orbits character-
ized by a relatively small pitch angle, in which case the stream bounce time
is almost independent of pitch angle. Since the bounce time is spécified,
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DIPOLE + UNIFORM
FIELD B

Figure 3. Dipoie plus uniform magnetic field lines inside a spherical cavity
at 10 earth radii. For comparison the deformation of the geomagnetic field by
the solar wind computed by Mead (1964) is indicated by the dashed lines.
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Figure 4. Proton cyclotron frequency contours for the dipole plus uniform
field in the magnetosphere. Equal increments in earth radii are indicated
by dots along the dipole plus uniform field (dashed lines).
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ALFVEN
VELOCITY
VA

0.3x108% cm/sec

Figure 5. Alfven velocity contours for the dipole plus uniform field and the
Liemohn and Scarf (196k) inverse r cubed plasma density in the magnetosphere.
The dipole plus uniform field is indicated by the dashed lines.
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Figure 6. Alfven wave bounce periods for the dipole plus unifomm field and
normal and "knee" plasma densities in the magnetosphere. The effect of dia-
magnetic loading of the field lines by ring current protons is included.
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the component of stream velocity parallel to the magnetic field, designated
by v, » can easily be calculated.

Let us consider in more detail the relative velocities of a hydromagnetic
wave packet and proton stream characterized by the same bounce time, moving
in the same direction, and crossing the equatorial plane at the same time.
Since the Alfven velocity varies substantially as the packet moves along a'
field line, whereas the stream velocity remains almost constant (except near
the mirror points), it is clear that the stream moves more slowly than the
wave packet lower down in the magnetosphere, and more rapidly than the wave
packet higher in the magnetosphere near the equatorial plane. Thus “"faster
than light" motion occurs in extended regions in the vicinity of the equator-
ial plane. It is in these regions that the proton cyclotron radiation is
subject to the anomalous Doppler shift and is likely to be most intense
( Ginzburg, 1962).

The radiated frequency x = aymh is determined from Equation (4) after
having calculated the proton velocity v,- and the Alfven velocity Va in the
manner Jjust described. In this preliminary paper we restrict ourselves to
the calculation of the radiated frequency only at the equatorial plane. How=-
ever, it is clear from Figures L and 5 that there are extended regions on either
side of the equatorial plane where both the proton cyclotron frequency and
Alfven velocity vary extremely slowly over large distances along a given
magnetic field-line, so that almost the same frequency will be radiated over
a large region. _

The details of the calculations are given in later sections. We remark
here that the results in best agreement with experimental observation were
obtained when magnetospheric parameters were used which correspond to condi-
tions of a “"knee" in the plasma density (Carpenter, 1963) and a depression in
magnetic field strength by a factor of about 2 (condition of maximum loading)
at the equatorial plane where the emissions are generated. The latter condi-
tion seems quité reasonable in view of space probe measurements by Sonett et
al (1960) and Smith (1962). In this regard, it may be significant that hm
emissions have been found to be generated preferentially from 2 to 8 days

after the sudden commencement of a magnetic storm (Wentworth, 196ka,c), a

32

LOCKHEED MISSILES & SPACE COMPANY




h-82—6h;1

time period in which an enhanced ring-current and a corresponding depression
in the magnetic field is most likely to exist (E. J. Smith, private communica-

tion).

D. Explanation of rising-frequency fine structure. Perhaps the most

striking single characteristic of most hm-emission bands is the rapidly-
rising frequency of the fine-structured elements (Tepley, 1962; Tepley and
Wentworth, 1962). In successive structural elements the higher frequencies
sometimes tend to lag farther behind the lower frequencies (Figure 1).
Jacobs and Watanabe (1964) have explained this effect in terms of dispersion
of an Alfven wave packet bouncing between hemispheres and closely guided by
the geomagnetic field. Dispersion is introduced in the group velocity when
the wave frequency approaches the local proton cyclotron frequency which can
occur when the packet is rélatively far out in the magnetosphere near the
equatorial plane.

An alternative explanation may be offered in terms of the present model
wherein the rising-frequency fine-structure and dispersion may be attributed
to an initial velocity spread in v, , the proton velocity component along the
magnetic field line. According to the anomalous Doppler effect (Equations b
and 5), relatively lower emission frequencies are generated by the faster
particles in the stream, and conversely. Since the bounce time is shorter
for the faster particles, the lower frequencies in successive fine-structured
elements will be more closely spaced - hence, dispersion.

A numerical example is now presented to illustrate this effect. Con-
sider the broad-band hm emission presented in Figure 1 (the_same event was
considered by Jacobs and Watanabe, 1964, to illustrate their dispersion cal-
culation). In Table 1 are given the emission frequencies and fine structure
repetition periods for corresponding parts of the emission band.

Let us assume that a relatively large anomalous Doppler shift occurs so
that Equation (5) is valid, that is ’

<3

-2

E

<

L
fc n
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Table 1. The hydromagnetic-emission event
of November 2, 1961 observed at Palo Alto,
California, and shown in Figure 1.

Emission Fine-structure
Part of Frequency Repetition period
band f (cps) T (minutes)
Upper: fl ' - 1.2 1.4
Center: f2 1.5 1.7
Iower: f37 1.8 2.0
3L
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It is to be noted that Va does not actually represent the velocity of the
hydromagnetic wave packet but is only a parameter resulting from considera-
tions discussed previously (the wave packet propagates at the Alfven mode
group velocity which differs slightly from Va)' We now specify that the -
fine-structure repetition period equals the bounce time of the proton stream
which in turn is inversely proportional to the proton velocity'v" . We con-
sider a proton stream with a velocity spread and associate the 3 selected
emission frequencies with the corresponding values of proton velocity and

bounce period. Thus

fl: f2: f3 = Tl: ‘1‘2 3

Taking T2 = 1.7 minutes as the reference bounce time and substituting the

tabulated values of f_, f2, . we calculate

1 3

|

'I'l 1.36 minutes

T3

2.04 minutes

Comparing the calculated and measured values of bounce time we find a per-
centage deviation from the mean of 3% and 2% respectively.

It is interesting to note that the proton velocity dispersion mechanism
considered above and the wave velocity dispersion mechanism considered by
Jacobs and Watanabe (1964) may occur simultaneously when the frequency shift
produced by the anomalous Doppler effect is relatively small. The combina-
tion of the two effects-results'in a tendency toward phase stability for
particles and waves of different velocities. For example, the slower parti-
cles in the stream radiate the relatively higher frequencies closer to the
local proton cyclotron frequency. Since these frequencies propagate more
slowly in the region near the equatorial plane, the bounce time of the higher
frequency portion of the wave packet will be relatively long corresponding to
the relatively longer bounce time of the slower component of the stream.
Conversely, the faster particles in the stream radiate relatively lower fre-
quencies farther from the local cyclotron freguency. The lower frequencies
propagate more rapidly at a group velocity which approaches the Alfven

velocity as the Doppler shift increases. Thus, the lower frequencies of the
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wave packet and the faster protons which generate these frequencies both tend’

toward relatively short bounce times.

E. Latitude dependence of hydromagnetic-emission frequency. The earli-
er protoh bunch nodel of Jacobs and Watanabe (1963) associates the hm—emiésidn
frequency with a hydromagnetic resonance effect in the lower exosphere. The
model predicts an increase of emission frequency with 1ncreas1ng lati®tude.
Experimentally, the opposite is observed (Tepley, 1964; Tepley et al, 196k4;
Wentworth, 1964a,b). The present model is in agreement with observation.

The observed emission frequency is a function of both the proton cyclo-
tron frequency in the region where the signal is generated (presumably near
the equatorial plane) and the ratio of stream-to-Alfven velocity which deter-
mines the extent to which the proton cyclotron frequency is lowefed by the
anomalous Doppler shift. The latter quantity is capable of wide variation
and may be responsible for the bandwidth of the emission and the rising-
frequency fine structure as considered previously. The proton cyclotron
frequency, however, is dependent only on the spatial coordinates of the
magnetic field and the extent to which the field is "loaded". In general
the proton cyclotron frequency near the equatorial plane will decrease with
increasing distance from the earth. Thus emissions generated at greater
distances from the earth will be characterized by lower frequencies and will
be guided by the magnetic field to the earth at higher latitudes. Thus the
model predicts an inverse frequency-latitude dependence in agreement with

observation.

F. Guidance of the hydromagnetic-wave packet. As demonstrated by
Booker and Dyce (1963) and Jacobs and Watanabe (1964), the group velocity

vector for the Alfven wave tends to propagate in the direction of the geo-

magnetic field. The actual extent of the guidance, however, is a function
of the ratio of wave frequency to local proton cyclotron frequency, and
varies with position as the packet moves along the field line. A quantita-
tive investigation of the degree of guidance which occurs is likely to be
quite difficult. The present model does not require extremely good guidance

as does the 2nd model of Jacobs and Watanabe (1964) because energy is being
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added to the wave packet each time it crosses the equatorial plane. However, )
several mechanisms for guidance are inherent in the model. These mechanisms
may reinforce the natural tendency for Alfven-wave guidance along the geo-
magnetic field. The guidance mechanisms are as follows: '

(1) A natural duct is provided by the "loaded" magnetic field discussed
in Part 3 of this report. It should be pointed out, however, that strong ‘
thermal and cyclotron (collisionless) hydromagnetic wave absorption may also
occur in this duct since field loading is presumably produced by‘relatively
energetic particles which may move at velocities comparable to the velocity
of the hydromagnetic Alfven wave packet. We have not yet investigated the
relative importance of guidance and absorption in the loaded magnetic field
ducts.

(2) A hydromagnetic "whispering gallery" is formed when an ion density
"knee" exists in the magnetosphere. Thus emissions generated at latitudes
below the knee will be reflected internally and thus guided .along the field
liné which defines the position of the knee. This mechanism may significantly
contribute to guidance of the Alfven wave and will also produce guidance of
the magneto~sonic wave also radiasted by proton streams but which we do not

consider further in this paper.

ITTI. ENERGY CONSIDERATIONS
A. Coherency of radigtion. The concept of anomalously Doppler shifted

cyclotron radiation from a single particle spiralling in a magneto-plasma is
relatively easy to understand. The concept of radiation from a particle
stream, however, is far more difficult to visualize since it depends on a
collective interaction between particles in the stream and plasma. It is
reasonable that the collective interaction should result in Some degree of
coherency in the motion of the stream particles and thus in coherent cyclo-
tron radiation. The mathematically more rigorous treatments of related
problems generally lead to formulas for the growth rate of the cyclotron
"instability" as energy is transferred from the stream to the plasma
(Stepanov and Kitsenko, 1961). Under certain conditions the growth rate is

found to be quite rapid, a result which perhaps implies coherency of radiation.
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In this section we assume coherency and present an order of magnitude
calculation to demonstrate that cyclotron radiation from a reasonable number
of protons is adequate to produce the observed hm emission magnetic field
strength at the earth's surface. The calculation is based on the assumption
that all of the radiating particles are collected into a single coherent
cluster. It should be made clear that this assumption is made only to
simplify the calculation, and is not meant to imply that such coherent
clusters exist in the magnetosphere. It is also assumed for simplicity that
in order of magnitude the total radiated energy is the same as that which
would be radiated in an isotropic plasma where the magnitude of refractive
index is the same as for the magneto-active plasma, N = C/V,.

B. Energy radiated by a single proton. For a single proton

spiraling in an isotropic plasma, the total energy radiated is given by

5 .
2 e 2_2_ 2
WP = ‘§ 'c—3- (.Dc v, Nx | (6)

where e is the proton charge, c is the velocity of light, N is the refractive
index of the plasma, w, is the proton cyclotron frequency, and v, = Rmh is
the component of proton velocity perpendicular to its direction of motion

(R is the proton gyro-radius). We neglect the radiation associated with the
velocity component v, since this is Cerenkov Radiation which exhibits no
preferential fre@uency dependence and is likely to be much lower in amplitude

than cyclotron radiation (Ginzburg, 1962). We may also write

v,” = ﬁg siﬁ%a : (7

where E is the proton kinetic energy, M is the proton mass and & is the pitech
angle.

We take a = 7° ( corresponding to a mirror point fairly low in the exo-
sphere). For other numerical quantities we take values obtained from the
solution of Figure 7 which predicts a 1.5 cps hm emission at a latitude of

61° radiated in a "normal® plasma and a "fully loaded" magnetosphere.
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Figure 7. Self-consistent solutions for the proton cyclotron excitation
model for the production of hydromagnetic emissions. The self-consistent
solutions must lie along the continuous curve for x(Va/v ).
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The numerical values are:

E = 9 kev

N = 1100

@, = 28 radians/second
x = 0.34

Substituting into Equation (6) we obtain for the energy radiated for a sinéie

proton

W, = 43(10_32) ergs/sec

C. Energy received at the earth's surface. Let us take AB = 50 milli-

gammas = 5(10—7) gauss which represents an extremely large hm emission. Since

the signal is predominantly a magnetic disturbance, the corresponding energy

density is (A B)2/8ﬂ ~ lO_lLL ergs/cm3. Assuming that the energy density

received at the earth’s surface is the same as that which emerges from the

ionosphere at the Alfven velocity V 2(107) cm/sec, then the power density
. at the earth's surface is 2(10° 7) erg/cm sec.

D. Dimensions of the radiating proton stream. To the writers knowledge ‘

the anomalously Doppler shifted radiation pattern from a proton spiraling in
a magneto-plasma has not yet been calculated. In order to calculate a Jlower
1limit to the number of protons required, we assume that all the radiation is
perfectly guided in & tube of magnetic flux and focused toward the earth's
surface. TLet "A" be the area of the tube at the equatorial plane at 4 earth
radii (A ~ 61°) and "a" be its area at the surface of the earth. Since mag-
netic flux is conserved in the tube the ratio of energy density at the
earth's surface to the energy density at the equatorial plane in the fully
loaded magnetosphere is A/a = 200. ‘

Assuming'that the magnetosphere is loaded ohly by 9 kev protons,. the
proton density is found to be about LLO/cm3 at the equatorial plane. Let us
assume that 10 percent of these protons are radiating coherently, so that

the density of coherent particles is

n, = L protons/cm3

We define the diameter of the stream to be the diameter of the flux tube,

so that 4 = (hA/ﬂ)l/z. We now make the extreme assumption that the length of
Lo
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the stream is equal to its diameter, so that the stream particles are collect-
ed into a cluster. The number of protons in the cluster is then given by
nPdA and the energy radiated coherently is
W = (n.da)® W (8)
radiated P P ‘
The energy received at the earth's surface is 2(10-7)a. Equating the energy
radiated to the energy received and solving for the diameter of the cylinder

we find

o 1/h
. =(8%0J . ﬁ) - 25109 e (9)
PP

. For the rédiation to be fully coherent it is necessary that the cluster

dimensions be much less than the wavelength of the radiated signal. The
wavelength is given by

A =

%l <
=3
o

For N = 1100 and f = 1.5 cps, we obtain A\ = 2(107) cm; thus A/d =~ 100, so
that the hypothetical cluster would radiate coherently as specified.

In the more realistic situation of a radiating stream, the length of
the stream is likely to be much greater than the length of the hYdrOmagnetic
wave. Thus the degrée of coherency of radiation would probably be far less
than that resulting from a single proton cluster, but this would be at least
partially compensated by the great increase in the number of radiating protons.

It is also of interest to calculate the proton gyro-radius given by

vl.
R = — = 1§EZE sin Q@
e a%

For & = T°, @, =28 and E = 9 kev, we find R = 6(105) cm. Hence \/R =~ 30.
Thus the wavelength is much greater than the gyro-radius of any radiating

proton in the stream.
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IV. PARTICLE-WAVE MOTION IN THE MAGNETOSPHERE

In order to discuss the dynamics of particle and wave motion in the mag-
netosphere we need to establish models of the magnetic field and thermal
Plasma. We are then able to calculate properties of proton motion in the
magnetosphere as well as Alfven wave bounce periods along lines of force.
Finally, we are able to show that self-consistent solutions for the model of
hm-emi ssion production exist. v

A. The magnetic field of the earth. The magnetic field of the earth is
rormally taken to be that of a pure dipolé at the center of the earth with

25 3

magnetic moment M = 8.1 x 10 gauss-cm~. In the case of the real earth the

magnetic field does nof extend to infinity, but is cut off by the solar wind
which limits it to an asymmetrical cavity, approximately hemispherical on the
sun side, and having an gverage distance of approximately 10 earth radii from
the center of tﬁe earth during geomagnetically quiet times. The effect of
this cavity is approximately to add a uniform vertical magnetic field to the
dipole magnetic field of the earth inside the cavity.

A uniformly magnetized sphere has a pure dipole field outside and a
uniform field in its interior. Therefore, a dipole field can be limited to
a spherical region of space by surrounding it with a spherical shell of
surface currents which exactly cancel the dipole field outside the sphere and
add g uniform field inside. The surface currents produced by the solar wind
must therefore have approximately this effect in the case of the real earth,
at least on the sun side.

If a uniform field BO is added to the dipole magnetic field, the Br and

B, components become

A
M .
B, = (-;-§+BO) sin A
(10)
_ M
B, = ( ;§ + BO) cos A

and the equation of a line of force becomes
3
2 r (1B, /20) -
cos"A = — 3 - (11)
e (1-130 r°[2M) .
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In our case, we set B, = 2M/(10RE)3 = 62.7 gammas (1 gamma = lO-5 gauss).

In Figure 3, the resultant field lines are compared with a model calcu-
lation of the deformation of the geomagnetic field by the solar wind (Meaa,
1963). It can be seen that qualitatively the behavior of the field lines for
the two models is similar, although quantitatively the Mead field lines lie
closer to the cavity boundary. However, given the-uncertainties in the )
initial conditions assumed in any model calculation, it is felt that a more
detailed calculation than that based on the pure dipole plus uniform field
is not Justified at present.

B. Thermal plasma model in the magnetosphere. Two plasma models have

been employed in the magnetosphere, the normal one falling off as r-3 (Liemohn
and Scarf, 1964),

N, = 1.41 x 1oh (RE/r)3/cm3 (12)

and the "knee" model of Carpenter (1963) having the same r3

dependence but
lower in density by a factor of 9.

C. Charged particle motion in the magnetosphere. The characteristics

of charged particle motion in a dipole plus uniform magnetic field in the
magnetosphere are discussed by Wentworth and Tepley (1962). In particular,
the total spiral arc length of a charged particle mirroring just above the
surface of the . earth is required in order to relate the bounce period of
trapped protons to their velocities and energies. These quantities are
tabulated for a number of different field lines in Table 2.

D. Alfven wave bounce periods. The Alfven wave velocity is given by

v, = B/ /LM N, (13)

The above models of magnetic field and ion plasma density enable us to compute
Alfven wave velocities in the magnetosphere. Contours of equal Alfven
velocity are thus plotted in Figure 5 assuming the normal plasma density in
Equation (12). It is then a simple matter to integrate the Alfven wave
travel time along a line of force and obtain the Alfven wave bounce times
plotted in Figure 6 (lower continuous curve running from 60° to 85°). Tt
should be noted here that the hydromagnetic wave packet propagates at the

L3
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Table 2.‘ Parameters of proton motion in the

Magnetosphere.

The dipole plus uniform field

is assumed with a cavity boundary at 10 RE.

In addition the assumption is made that the

protoné reflect near the surface of the earth
( see Wentworth and Tepley, 1962, for a general

discussion of this calculation).

LOCKHEED MISSILES & SPACE COMPANY

Geomagnetic Latitude X ks 60 70 80 85 degrees
Total Spiral Arc

Lengen (45) 5.7 12.6 22.6 40.1 49.9 | x 10 cm
Proton Velocity for 4 min}]0.24 0.52 0.9% 1.67 2.08 8 em

100 £

Bounce period of: 2 min|O0.47 1.05 1.89 3.3% L.16 sec
Proton energy for 4y min|0.29 1.42 L4.65 14.5 22.4

) kev
Bounce period of: 2min]1.16 5.70 18.6 58.0 89.7
Proton drift rate 4 min}0.22 1.65 6.28 13.7. 17.2 deg
for bounce period: 2 min |0.87 6.63 25.1 54.7 68.9 |BOUr
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Alfven wave group velocity rather than the Alfven velocity. The two veloci-
ties may differ significantly when the wave packet is in the vicinity of thé
equatorial plane. Hence the calculated Alfven wave bounce times only approxi-
mate the wave packet bounce times. A more exact calculation is contemplated
at a later date.

Let us now consider the effect of diamagnetic loading of the magnetic
field lines. Suppose that a hot plasma of high energy protons is trapped in
a flux tube along a line of force. If the energy density of the trapped
protons approaches the energy density of the magnetic field, the resultant
magnetic field in the flux tube is significantly lowered. In fact, it has
been shown in Part 3 of this report that maximum loading of a field line
results in the magnetic field strength being reduced to 1/2 of its original -
value, and the energy density of trapped protons which produces this effect
is equal to l/h of the original magnetic field energy density. Thus the
energy density of trapped protons is equal to the energy density of the per-
turbed field, and no additional particles can be contained by the perturbed
field.

We now wish to calculate the Alfven wave bounce periods along loaded
field lines where the amount of loading is chosen to produce a predetermined
equatorial proton cyclotron frequency (Note in Figure 4 that for lines of
force above 80? the minimum proton cyclotron frequency occurs off the equa-
torial plane; fqr those field lines the minimum proton cyclotron frequency
instead of the equatorial value is implied in the following discussion). As
an example let us assume that we desire an equatorial proton cyclotron fre-
quency of 2 cps. We note from Figure 4 that the unloaded 750 field line is
characterized by this value, while the unloaded 67o field line is character-
ized by a proton cyclotron frequency of 4 cps. Hence by fully loading the
67O field line, we obtain the same equatorial proton cyclotron frequency |
which characterizes the unloaded 750 field line. Therefore, the Alfven
bounce period curve corresponding to an equatorial proton cyclotron frequency
of 2 cps, runs between 67° for a fully loaded field and 75° for an unloaded
field. From Figure 6 we see that with a normal thermal plasma, the Alfven
bounce time is 6.8 minutes along the unloaded 75° field line, and 3.6 minutes
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along the fully loaded 67Q field line. Also the Alfven bounce time along
the unloaded 67° field line is 2.7 minutes.

In the case of the "knee" plasma density the above Alfven bounce times
are reduced by a factor of 3, becoming 2.3 minutes, 1.2 minutes, and 0.9
minutes respectively. In performing these calculations it has been assumed
that the thermal plasma density along a loaded field line is unchanged froﬁ
its unloaded value, and that the energy density of the hot trapped energetic
protons is constant along the field line.

E. Self-consistent model calculations. The present model for the

production of hm emissions has a number of parameters which must be self-
consistent. As an example, consider an hm emission characterized by a fine
structure repetition period of 4 minutes, and by a center frequency of 0.5
cps. Let us specify that the hyd:omagnetic wave packet is propagating in a
plasma characterized by a density "knee". From Figufe 6, the 4 minute Alfven
bounce period can occur between latitudes of 770 for a fully loaded field
line and 81° for an unloaded field line. The 4 minute bounce time also
specifies the energies of the protons bouncing.in phase with the hydromag-
netic wave packet as being between 11.2 kev at 770 and 16.2 kev at 81°.
Finally, the frequency radiasted by these protons as they pass through the
equatorial plane with greater than Alfven wave velocities is.given approxi-
mately by Equation (5) for the anomalous Doppler effect.

This relation must hold for our example. Therefore, the self-consistent
solution involving x = w/wc determined by the observed emission frequency of
0.5 cps, the loaded equatorial proton cyclotron frequency between 770 and 81%
and the ratio A /Va in the vieinity of the equatorial plane must lie on the
above curve determined by Equation (5). In Figure 7, x has been plotted as
a function of Va/w‘ . For the case of the "knee" density an intersection
with the curve of Equation (5) exists at approximately x = 0.57. It is in-
terésting to note that no intersection occurs for the above conditions for
the normal plasma density. Therefore, since hm emissions having bounce
periods of 4 minutes and frequencies of 0.5 cps are frequently observed at
high latitudes, either "knee"-type plasma densities must occasionally exist

in the magnetosphere, or the present model does not apply.
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In a second case considered, corresponding to the hm emission shown in
Figure 1 and discussed in an earlier section, the emission band center fre-
quency is 1.5 cps and the corresponding bounce period is 1.7 minutes. Inter-
sections for a self-consistent solution occur for normal plasma density at
about 61° and for "knee" density at about 72°.
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